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Electrons accelerated in the nonlinear regime in a laser wakefield accelerator experience transverse oscillations inside the plasma cavity, giving rise to ultra-short pulsed x-rays, also called the betatron radiation. We show that the fluence of x-ray can be enhanced by more than one order of magnitude when the laser is guided by a 10 mm long capillary tube instead of interacting with a 2 mm gas jet. X-rays with a synchrotron-like spectrum and associated critical energy $ 5 keV, with a peak brightness of $ 1 Â 10 21 ph/s/mm 2 /mrad 2 /0.1%BW, were achieved by employing 16 TW laser pulses. Since their discovery, x-rays have contributed to many fields of science and the development of new x-ray sources is an active field of research. Ultra-short x-ray pulses 1,2 can be generated in a laser wakefield accelerator (LWFA). In the so-called blow-out regime of LWFAs, the ponderomotive force of an intense laser pulse focused in a plasma blows the electrons out of a volume of radius similar to the laser focal spot radius. The charge separation between electrons and ions is associated to electric fields with an amplitude of the order of $100 GV/m. These fields can trap and accelerate longitudinally plasma electrons to high energy, typically 100 MeV, over only a few millimetres, and at the same time wiggle the electrons transversely. The x-ray pulses produced by this mechanism have spectra similar to synchrotron radiation and are often called the betatron radiation. The betatron radiation has intrinsically striking features for ultra-fast imaging: a pulse duration on the femtosecond scale 3 and a perfect synchronization to the pump laser.
The use of such x-rays sources for imaging applications has already been demonstrated 4, 5 with photon energies in the range of 1-10 keV and peak brightness of 10 22 ph/s/mm 2 / mrad 2 /0.1%BW. As they are produced by relatively compact laser systems, they have a large potential for dissemination among various user communities. Their development has thus attracted a lot of attention in the past few years, mostly to characterize their properties 3, 6, 7 or to control them. 8, 9 Scalings developed for betatron radiation predict that the x-ray photon energy and brightness can be enhanced by increasing the laser intensity or/and decreasing the plasma density. 10 For example, x-rays extending to 50 keV were observed 11 by using a peak focused intensity larger than 10 20 W/cm 2 . The use of laser guiding in capillary tubes has been shown to enable electron acceleration and x-ray emission at low plasma density and low laser intensity. 12, 13 In this letter, we report on the ability to increase the number of photons produced in the 2-10 keV range by using a lower density, longer plasma inside capillary tubes, compared to the plasma density and length usually achieved with gas jets. Using 16 TW laser pulses, the generated x-ray peak brightness is multiplied by 30 when the laser beam is guided by a 10 mm long capillary tube instead of using a 2 mm long gas jet.
Experiments were performed at the Lund Laser Centre, Sweden, where a Ti:Sa, 800 nm central wavelength, laser system delivers an energy of up to 1 J in 40 fs full width at half maximum (FWHM) pulses. A deformable mirror is used after compression to compensate for wavefront distortions in the focal plane. The laser beam was focused, using a f/15 off-axis parabola, to an Airy-like spot with 19.7 6 0.8 lm radius at first minimum. With an energy of 650 mJ in the focal plane, the peak intensity was estimated to be ð5:460:1Þ Â10 18 W/cm 2 , giving a normalized laser strength parameter a 0 ¼ 1:6. Capillary tubes filled with hydrogen gas were used to confine the gas and to partially guide the laser beam. The spectra of electrons accelerated in either a gas jet or capillary tubes were measured by a spectrometer, composed of a 10 cm long permanent magnet, with a central magnetic field of 0.7 T, deflecting the electrons subsequently intercepted by a phosphor screen (Kodak Lanex Regular) imaged onto a CCD camera. Electrons below 42 MeV did not reach the phosphor screen and were not detected. The beam charge was obtained by the absolute calibration of the Lanex screen.
14 X-rays generated by betatron oscillations in the LWFAs were recorded by a x-ray CCD camera placed 110 cm away from the capillary exit on the laser axis, providing a collection angle of 12 Â 12 mrad 2 . The x-ray camera was located outside the vacuum chamber, behind a 300 lm thick beryllium window and a 5 mm air gap. A set of metallic filters (V, Fe, Ni, Sn, and Zr), held together by a 30 lm wire grid, were used in front of the camera to determine the critical energy associated to the x-ray spectrum in the range of 2-10 keV. Fig. 1 shows the main characteristics of the electrons and x-rays produced inside a 10 mm long, 178 lm diameter capillary tube for two values of the plasma electron density, n e . The electron energy spectra in (b) and (e) were extracted from the raw Lanex images seen in (a) and (d), respectively, by summing in the vertical direction and rescaling in the horizontal direction to account for magnet dispersion. The electron spectra typically exhibit rather large energy spread, and the total charge and maximum energy are strongly dependent on the plasma electron density. The lower density case is close to the density injection threshold 13 and leads to a maximum energy of the order of 300 MeV (measured at 10% of the maximum of the spectrum), with a low beam charge of 0.9 pC and a divergence FWHM of 5.2 mrad. No x-rays were detected for this shot as seen in Fig. 1(c) . At n e ¼ ð8:1 6 0:5Þ Â 10 18 cm
À3
, a 18 pC electron bunch was measured with a maximum energy of $120 MeV, as shown in Fig. 1(e) . The corresponding beam divergence is about 5.8 mrad. Fig. 1(f) shows the associated x-ray beam transmitted through the different filters.
The x-ray spectrum can be characterized by a synchrotron-like 2 spectrum of the form
ðE=E c Þ, where K 2=3 is the modified Bessel function of order 2/3. The critical energy is given by E c ¼ 3 hKc 2 x b , where K ¼ cr b x b =c is the wiggler strength parameter with c; r b ; x b denoting the relativistic factor, the amplitude, and frequency of betatron oscillation, respectively. The critical energy was evaluated from the transmission of x-rays through the different metal filters with a least squares method. 11 In the case of Fig. 1(f) , it was found to be 5.4 keV, which is higher than in previous observations 1, 12 with similar laser power.
The maximum x-ray fluence measured is ð5:7 6 0:6Þ Â10 5 ph/mrad 2 [ Fig. 1(f) ]. To estimate the peak brightness of this x-ray source, the source size and duration are needed. The source size can be estimated from the expression of critical energy 15 as r b ¼ E c c=3 hc 3 x 2 b . The relativistic factor is determined using the mean energy of the electron spectra E e , where E e is the average of electron energies weighted by their respective spectral intensities. For the shot plotted in Fig. 1(e) , E e is calculated to be 88 6 4 MeV, and the source size estimated to be r b ¼ 2 6 0:3 lm. This estimation is validated by 3D simulations performed with the particle-in-cell code CALDER-CIRC, 16 for input parameters close to the experimental ones. They show that the laser pulse non linear evolution in the 178 lm diameter capillary tube leads to a maximum normalized vector potential in the range of 4 < a 0 < 5:5 and produces accelerated electrons with a mean energy of about 130 MeV. The transverse and longitudinal sizes of the electron bunch in the simulation are 1.3 lm and 10 lm ($35 fs), respectively, in reasonable agreement with the estimation from the measurements. The peak brightness achieved in our experiment is estimated, using r b ¼ 2 lm, to be $ 1 Â 10 21 ph/s/mm 2 /mrad 2 /0.1%BW, and the wiggler strength parameter, K ' 10. Taking into account the divergence of the x-ray beam, h ¼ K=c, the estimated total photon number over the whole spectrum is of the order of 10 9 per shot.
The x-ray fluence can be changed by varying the plasma density, as presented in Fig. 2 for two different capillaries. In both cases, the x-ray fluence is maximum for a density of the order of 8 Â 10 18 cm À3 . The influence of the plasma electron density on the x-ray fluence can be understood as a result of the influence of the density on the laser propagation and related electron injection and acceleration. For the parameters of this experiment, at lower densities, electron trapping is not efficient, resulting in a lower beam charge, as seen in Fig. 1 . As the plasma density is increased, trapping becomes more efficient and more charge can be accelerated, but the acceleration length and thus the electron energy become smaller due to the shortening of the electron dephasing and laser depletion lengths. For the given laser intensity, the maximum x-ray fluence is achieved in the 10 mm long capillary tube. Simulations in the 178 lm capillary tube for the optimum electron density show that the overall process of laser non-linear evolution, electron injection and acceleration, and x-ray emission occur over the first 10 mm of 
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Appl. Phys. Lett. 100, 191106 (2012) propagation. Fluctuations of the x-ray fluence are smaller at the output of the 152 lm diameter, 20 mm long capillary: this can be attributed to the fact that the capillary diameter is smaller favoring a more stable laser guiding. In this case, more x-rays are produced at low densities: it can be due to higher intensities achieved locally inside the capillary, or an evolution of the laser pulse leading to electron injection and acceleration over a distance larger than 10 mm. The enhancement of the x-ray fluence due to the length and density of the plasma is demonstrated in Fig. 3 by the comparison of the x-ray fluence measured for two targets, 10 mm long capillary tube and 2 mm gas jet, for the same experimental conditions.
It shows that for the intensity used in this experiment, the use of a capillary tube allows electron self-injection to happen at lower density than in the gas jet. The capillary provides a long distance for laser evolution to the threshold required for self-trapping 12, 13 and helps collecting and refocusing the energy initially in the wings of the laser spot; 16 the excitation of multiple modes and their beating can also give rise locally to higher intensity than in vacuum, thus favoring an increase of a 0 . For the gas jet, electron trapping starts around n e ¼ 11 Â 10 18 cm
À3
, which results in lower energy electrons, as electron energy inversely depends on plasma density. In the intermediate density range of ð11À13Þ Â 10 18 cm À3 , a higher mean electron energy is achieved when the capillary is employed. The maximum x-ray fluence in the capillary corresponds to the density where the maximum electron charge is measured. The maximum x-ray fluence obtained with the gas jet is 2:7 Â 10 4 ph/ mrad 2 for n e ¼ 15 Â 10 18 cm
. Using the values obtained from experimental data, E c ¼ 4:6 keV, E e ¼ 56 MeV, the source size is estimated to be 2.4 lm, and the corresponding peak brightness is $ 3 Â 10 19 ph/s/mm In conclusion, we demonstrate that betatron radiation is significantly enhanced by guiding the laser in a capillary tube allowing electron acceleration in a low density, long plasma. In particular, $ 1 Â 10 21 ph/s/mm 2 /mrad 2 /0.1%BW is the brightest x-ray beam achieved with a <20 TW laser. The dependence of the x-ray beam parameters on the capillary tube diameter and length provides additional control of the interaction, and its systematic study will be the subject of future work. 
